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1  | INTRODUC TION
The	invasive	seaweed	Codium fragile	has	been	regarded	as	one	of	the	
four	 most	 damaging	 seaweed	 invaders	 (Provan,	 Murphy,	 &	 Maggs,	
2005),	 displacing	 local	 seaweed	 communities	 by	 its	 opportunistic	
physiological	 adaptations	 (Scheibling	&	Gagnon,	 2006)	 and	 changing	








&	Airoldi,	2005).	The	invasive	green	seaweed	Codium fragile ssp. fragile 
(Suringar)	Hariot	 (hereafter	C. fragile)	has	become	established	on	 the	
intertidal	 shores	 of	 the	 Cantabrian	 Sea	 (northwestern	 Spain;	 García,	
Olabarria,	 Arrontes,	 Álvarez,	 &	 Viejo,	 2018),	 coexisting	 with	 native	















(Zanolla	 &	 Andreakis,	 2016).	 Spatio‐temporal	 information	 of	 native	
and	 invasive	Codium spp.	 is	 crucial	 for	 evaluating	whether	 patterns	
of	competitive	displacement	or	coexistence	take	place	in	Cantabrian	
Sea,	where	rising	sea‐surface	temperatures	have	favored	the	spread	
of	warm‐water	 nonindigenous	 species	 over	 the	past	 three	decades	
(Díez,	Muguerza,	Santolaria,	Ganzedo,	&	Gorostiaga,	2012).
Until	now,	knowledge	on	the	spatial	and	seasonal	distribution	of	









molecular	 identification.	 Therefore,	 a	 more	 rapid	 and	 accurate	 de‐
tection	 tool	 is	needed	to	monitor	and/or	control	 the	distribution	of	
invasive	seaweed,	which	is	less	weather	and	tide	dependent	and	in‐
corporates	the	advantages	of	molecular	identification.













Altermatt,	 2014)	 and	 vertebrates	 (Piaggio	 et	 al.,	 2014;	 Sigsgaard	 et	
al.,	2016;	Takahara	et	al.,	2013),	but	 the	 information	on	the	aquatic	
plants	 and	 algae	 is	 still	 limited.	Only	 a	 few	 studies	 have	 addressed	




limited	availability	of	 reference	databases	 (Cristescu,	2014)	and	 the	
lineage‐specific	barcodes	(Zanolla	&	Andreakis,	2016).	To	be	useful	for	
detecting	seaweed,	eDNA	barcodes	need	to	be	specific	(Verbruggen	
et	 al.,	 2010)	 and	 have	 a	 suitable	 resolution	 across	multiple	 regions	














Water	 samples	 were	 collected	 in	 July,	 October,	 and	 December	
2017	 at	 four	 different	 stations	 in	 Asturias	 (N.	 Spain)	 including	 a	
K E Y W O R D S
barcoding,	Codium	spp.,	environmental	DNA,	invasive	species,	rbcL,	real‐time	PCR,	tufA
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sandy	beach	with	few	rock	formations,	Concha	de	Artedo	(latitude	
43°34′01.7″N,	 longitude	6°11′29.5″W),	the	small	port	of	Cudillero	
(latitude	 43°34′02.1″N,	 longitude	 6°09′04.1″W),	 the	 rocky	 cliff	






15.6°C	 in	Cudillero.	We	 recorded	 seawater	 temperature	 in	 situ	 at	
Concha	de	Artedo	and	Cabo	de	Peñas	using	two	Hobo	Temperature	
Loggers	 (Onset	 Computer	 Corporation)	 permanently	 fixed	 to	 the	
substratum	at	an	average	height	of	1	m	below	mean	sea	level,	with	










20,	 40,	 80,	 160	 g)	 of	C. tomentosum	were	 added	 and	 one	 control	





tosum	biomass	was	based	on	doubling	 the	previous	weight	 to	 test	
for	a	correlation	between	eDNA	quantity	assessed	by	qPCR	(Ct	val‐
ues)	and	species	biomass.	The	marine	water	for	the	experiment	was	
collected	at	a	 location	with	no	known	presence	of	C. tomentosum. 
Water	 temperature	was	kept	between	16	and	17.5°C.	C. tomento‐
sum	 specimens	were	 kept	 in	bottles	 for	36	hr	 and	 removed	after‐
ward.	The	water	from	the	bottles	was	filtered	using	the	same	eDNA	
filtering	 procedure	 as	 described	 below	 for	 each	 bottle	 separately.	
The	negative	filtration	control	using	sterile	nuclease‐free	water	was	
filtered	 first,	 followed	by	 filtration	of	marine	water	only,	and	 then	
the	rest	of	the	bottles	containing	C. tomentosum	in	order	of	concen‐
























used	and	stored	 together	 in	a	separate	 tube	 from	other	 replicates	
at	−20°C	until	 the	next	day	when	DNA	extraction	was	processed.	
A	 negative	 control	 sample	was	 filtered	 using	 sterile	 nuclease‐free	
water	between	filtration	samples	from	different	sampling	locations.	
DNA	 was	 extracted	 on	 the	 following	 day	 of	 filtrations	 using	 the	
PowerWater®	DNA	 Isolation	Kit	Sample	 (Qiagen	GmbH)	 following	







2.4 | Primer design and validation
We	developed	 species‐specific	 primers	 in	 barcoding	 regions	 (rbcL	








to	 design	 species‐specific	markers	 (Table	 1).	 The	 plastid	 tufA	 and	
rbcL	markers	are	some	of	the	most	widely	applied	markers	to	taxo‐
nomically	separate	the	green	algae	group	(Saunders	&	Kucera,	2010;	
Škaloud,	 Kynčlová,	 Benada,	 Kofroňová,	 &	 Škaloudová,	 2012).	 To	
test	the	species	specificity	of	the	primers,	they	were	firstly	tested	
in	silico	using	Primer‐BLAST	(Ye	et	al.,	2012)	and	afterward	used	to	
amplify	 and	 cross‐amplify	 tissue	 samples	of	 the	 individual	 species	
before	being	used	on	eDNA	samples	for	PCR	and	qPCR.	First,	prim‐
ers	were	optimized	for	PCR,	then	for	use	in	qPCR,	where	detection	
limits	 were	 determined.	 Cross‐species	 amplifications	 were	 tested	
on	 each	 individual	 species	 amplifying	 it	with	 all	 four	 primer	 pairs.	
C. decorticatum	 primers	 could	 not	 be	 tested	on	 this	 species	 as	 no	
specimens	were	found	along	the	Asturian	coast	at	 the	time	of	the	
research.	Extraction	mixtures	contained	several	specimens	of	each	
individual	 species	 to	 account	 for	 intraspecies	 variability.	 Tissues	
were	extracted	using	GeneMATRIX	Plant	and	Fungi	Purification	Kit	










used	 and	 limits	 of	 detection	 were	 defined	 by	 qPCR	 amplification	









TA B L E  1  Species‐specific	PCR	primers	used	for	amplification	of	targeted	chloroplast	rbcL	and	tufA	region,	with	reported	sequence,	
amplicon	size	(including	primers),	annealing	temperature,	qPCR	detection	limit	based	on	10‐fold	dilution	series,	and	specific	PCR	and	qPCR	
running	conditions











C. fragile ssp. 
fragile
C.	fragRBCL	F ACATTCTTGCAGCTTTTCGT 364 58 1 × 10−4 82 65
C.	fragRBCL	R TTCATCCCATGAGGTGGTC
C. tomentosum C.	tomCDS	F AACCAGCTTCTATTTTACCCCA 211 56 1 × 10−4 79.5 65
C.	tomCDS	R TCCATTTGAATACGATCTCCCG
C. vermilara C.	verCDS	F CGCCATTTTCAAGCACAGGTA 180 57 1 × 10−6 78 65
C.	verCDS	R AATTCGATCTCCCGGCATTAC
C. decorticatum C.	decorCDS	F TACAGGAAGGGGTACGGTTG 249 57 / / 65
C.	decorCDS	R TGTCGATGAGGCATAATAGAAGC
Abbreviation:	bp:	base	pair.
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for	30	s,	72°C	for	30	s,	with	additional	15	cycles	of	95°C	for	30	s,	
58°C	for	30	s,	72°C	for	30	s,	and	a	final	extension	step	at	the	72°C	for	
5	min.	For	C. vermilara,	C. tomentosum,	C. fragile,	and	C. decorticatum,	












Sanger	 sequencing	 at	 Macrogen	 Europe	 (Spain).	 Sequences	 were	
confirmed	 for	 each	 specific	 species	 by	 BLAST.	 Negative	 filtration	
and	extraction	samples	were	amplified	using	the	same	procedures.
For	 the	 quantification	 of	 each	 individual	 species	 from	 the	
eDNA	 samples,	 real‐time	 PCR	 (qPCR)	was	 performed	 using	 SYBR	




tions	run	out	on	a	96‐well	 reaction	plate	 (Bio‐Rad)	 including	tripli‐
cates	of	negative	control	PCR	where	nuclease‐free	water	was	added	
instead	 of	 the	 template,	 as	 well	 as	 triplicates	 of	 positive	 controls	
added	 to	each	 run.	All	 species‐specific	amplifications	were	 run	on	
separate	plates.	All	eDNA	samples	were	run	in	triplicate.	Additional	
cross‐species	assessment	was	evaluated	through	qPCR	with	all	four	







the	 three	 species,	 absolute	 quantification	 based	 on	 differences	
in	 eDNA	copies	was	 performed,	 calibrated	 by	 each	 specific	 qPCR	

























to	 season,	 sampling	 site,	 and	artificial/natural	 locations	 applying	
linear	models.	The	two	ports	(Gijon	and	Cudillero)	and	two	natural	
locations	 (Concha	 de	Artedo	 and	Cabo	 de	 Peñas)	were	 grouped	
together	by	artificial/natural	categories	to	test	for	differences	be‐
tween	origins	of	 sampling	 localities.	 For	presence/absence	data,	
we	employed	a	binary	logistic	regression	within	two	models,	firstly	





a	 linear	 model	 with	 a	 Gaussian	 error	 distribution	 to	 investigate	
variation	 in	eDNA	copies/µl	as	function	of	species,	 location,	and	
sampling	season	in	first	model	and	species,	sampling	season,	and	



















































ile,	 and	 C. tomentosum	 were	 used	 for	 measures	 of	 primers’	 effi‐
ciencies	as	positive	controls	on	species’	tissue	extractions.	In	total,	
81	 eDNA	 samples	were	 sequenced,	 30	 for	C. tomentosum,	 29	 for	
C. vermilara,	and	22	for	C. fragile,	confirmed	by	98%–100%	similarity	
rate	 in	BLAST,	with	nine	unique	sequences	added	to	the	GenBank	
under	 the	 nucleotide	 accession	 numbers	 (MK503248‐MK503252,	
MK503325‐MK503328,	 MK507407‐MK507412).	 C. decorticatum 
did	not	amplify	in	any	of	the	qPCR	triplicates	of	132	eDNA	samples	
and	was	not	considered	for	further	analysis.
For	 qPCR	 cross‐amplification,	 no	 melt	 peaks	 were	 observed	
using	cross‐referenced	primers	on	species‐specific	 target	samples,	
confirming	 the	 specificity	 of	 the	primers.	Melt	 peaks	of	 the	 three	
















3.1 | C. tomentosum ex situ experiment
C. tomentosum	 eDNA	 density,	 based	 on	 Ct	 values	 (eDNA	 cop‐
ies/µl),	 amplified	 until	 the	 biomass	 threshold	 of	 80	 g/l	 (Figure	 2),	
which	 was	 the	 upper	 limit	 of	 detection	 by	 qPCR.	 Results	 of	 the	
Pearson	 correlation	 indicated	 that	 there	 was	 a	 significant	 nega‐
tive	 association	 between	 the	 actual	 specimens’	 biomass	 and	 the	
Cq	 values	 (r(19)	 =	 −0.884,	p	 <	 0.001),	 indicating	 a	 positive	 eDNA	
increase	 with	 the	 increase	 of	 specimen	 biomass,	 reaching	 a	 pla‐
teau	between	20	and	40	g/L,	with	an	average	of	26.610	±	0.861	Ct	
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3.2 | Spatial and seasonal variation
We	 evaluated	 the	 seasonal	 and	 spatial	 representation	 of	 C. frag‐
ile,	 C. tomentosum,	 and	 C. vermilara	 by	 qPCR	 quantification	
(Figure	 3).	 Overall,	 the	 most	 predominant	 two	 species	 were	
C. fragile	 and	C. tomentosum,	 the	 latter	 accounting	 for	 the	highest	
abundance	 of	 eDNA	 copies	 of	 all	 the	 species,	with	 an	 average	 of	
6.079 × 105 eDNA	copies/µl	in	the	two	Western	sampling	points	and	
2.201 × 105 eDNA	copies/µl	at	the	Eastern	sampling	side.	C. fragile 
was	predominantly	found	on	the	east	with	an	average	of	5.629	×	105 
eDNA	 copies/µl	 and	 a	more	 even	 distribution	 between	 the	 three	












in	 the	 port	 of	 Gijon	we	 only	 detected	 it	 in	 the	 autumn	 sampling.	
C. tomentosum	 eDNA	 presence	 was	 detected	 at	 all	 four	 stations,	
with	a	highest	coverage	in	the	summer	and	winter	periods	(Figure	3).	




















a	higher	overall	presence	of	all	 species	at	 the	 two	artificial	ports	
(Table	2,	χ2	=	56.906,	df	=	1,	p	=	0.011).	A	density	dependence	linear	
F I G U R E  3   (a)	Spatial	and	(b)	seasonal	density	variation	(eDNA	copies/µl)	of	all	three	species,	C. fragile,	C. tomentosum,	and	C. vermilara. 
For	spatial	variation,	samples	from	all	sampling	events	conducted	in	July,	September,	and	December	were	pooled.	For	seasonal	variation,	
samples	from	all	sampling	stations	were	pooled
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model	accounting	for	 interactions	between	species,	 location,	and	
season	showed	significant	differences	in	density	between	species	
(Table	3,	F	=	12.468,	df	=	2,	p	<	0.001)	due	to	C. tomentosum high 
and	C. vermilara	lower	abundance	(Tukey's	post	hoc	test,	p	=	0.001)	
and	sampling	seasons	(Table	3,	F	=	3.409,	df	=	2,	p	=	0.042),	based	
on	 eDNA	 copies/µl.	 Significant	 density	 dependence	 interactions	
were	 identified	 among	 species	 and	 sampling	 season	 (Table	 3,	










tions	were	 identified,	 the	 species‐specific	 density	 change	within	
season	and	the	artificial/natural	segregation	with	seasonal	changes	







species,	 using	 eDNA	 absolute	 quantification	 approach	 in	 the	 Bay	
of	Biscay	at	three	different	seasons	and	at	four	 locations	along	an	
environmental	 longitudinal	gradient,	confirming	previously	defined	
distribution	patterns	of	 the	 two	native,	C. vermilara	 and	C. tomen‐
tosum,	 including	 invasive	C. fragile	along	 the	sampling	sites	 (García	
et	al.,	2018;	Skukan	et	al.,	2017).	The	observed	high	eDNA	density	






Factors of interactions Deviance df χ2 p
Presence/absence	=	Species	×	Sampling	season	×	Location
Species 20.908 2 87.978 <0.001
Sampling	season 24.752 2 63.225 <0.001
Location 47.798 3 15.727 <0.001
Species	×	Sampling	
season
0.078 4 15.727 0.9889
Sampling	
season	×	Location
0 4 6.730 1
Species	×	Location 8.997 5 6.730 <0.001
Species	×	Sampling	
season	×	Location
0 4 6.730 1
Presence/absence	=	Species	×	Sampling	season	×	Artificial/natural
Species 20.907 2 87.978 <0.001
Sampling	season 24.752 2 63.225 <0.001
Artificial/natural 6.318 1 56.906 0.011
Species	×	Sampling	
season
8.001 4 48.903 0.091
Species	×	Artificial/
natural








0 4 42.912 1
Note:	All	sampling	locations,	Concha	de	Artedo,	Cudillero,	Cabo	de	
Peñas,	and	Gijón,	were	included	in	the	analysis.
TA B L E  3  Evaluation	of	seasonal	and	spatial	patterns	of	all	three	
species	using	linear	models	based	on	Gaussian	distribution	for	
species	abundance	estimation	by	eDNA	copies/µl
Factors of interactions F df p
eDNA	copies/µl	=	Species	×	Sampling	season	×	Location
Species 12.468 2 <0.001
Sampling	season 3.409 2 0.042












Species 12.088 2 <0.001
Artificial/natural 0.115 1 0.735
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of	C. fragile	at	both	ports	and	 its	new	detection	at	Cabo	de	Peñas	
confirms	 that	 this	 invasive	 species	 is	 spreading.	 The	 additional	 ex	
situ	 experiment	 of	C. tomentosum	 contributed	 toward	 estimations	
of	 eDNA	 correlation	 with	 the	 relative	 density	 assessment	 in	 the	








ally	 reported	 (Cires	 Rodríguez	 &	 Rico	Ordás,	 2007).	 Tide‐induced	
sampling	limitations	had	been	one	of	the	potential	causes	proposed	
for	finding	no	particular	species	during	sampling	events	(Rojo	et	al.,	





as	 a	 tool	 for	 seaweed	monitoring.	 The	 east	 side	higher	 density	 of	
C. fragile	spread	found	with	eDNA,	overlapped	with	previous	find‐






C. fragile	 are	 reproductively	 more	 successful	 in	 warmer	 wa‐
ters	with	maximum	growth	at	24°C	 (Hanisak,	1979)	compared	 to	
the	 two	 native	 ones	with	 lower	 temperature	 preferences	 (Yang,	
Blunden,	Huang,	&	Fletcher,	1997).	This	could	explain	 the	higher	
densities	of	C. fragile	on	the	east	side	of	Cantabrian	coast	due	to	
higher	 summer	 temperatures	 modifying	 seaweed	 assemblages	
(Díez	et	al.,	2012).	Our	results	confirmed	species‐specific	seasonal	
and	spatial	overlap	with	previously	defined	distribution	(García	et	
al.,	 2018).	C. vermilara's	 optimum	growth	 occurs	 at	 18	µmol/mol	
of	photon	irradiance	(Yang	et	al.,	1997)	and	averaged	quarter	and	
half	of	 the	averaged	photon	 irradiance	of	other	 five	Codium spp.,	
making	it	an	ideal	candidate	species	to	shift	its	reproductive	cycle	




climatization	of	 two	native	and	 invasive	kelp	species	 in	 the	same	
environment	has	been	previously	evidenced,	where	habitat	pref‐
erences	were	 identified	 through	 specific	 gene	expression	 in	 cor‐
relation	with	 temperature	shifts	 (Henkel	&	Hofmann,	2008).	The	





from	 summer	 sampling),	 could	 have	 postponed	 C. fragile	 repro‐
ductive	 season	 toward	 autumn,	 and	 the	 corresponding	 increase	
in	release	of	gametes	 (Bohmann	et	al.,	2014)	might	be	correlated	
to	 the	 eDNA	 density	 increase	 in	 that	 particular	 autumn.	 With	
the	 increasing	 temperatures	 along	 the	N	 Spanish	 coast	 (Gómez‐















A	 high	 eDNA	 density	 of	 invasive	 C. fragile	 was	 detected	 in	
both	 ports,	 with	 potential	 displacement	 of	 the	 native	 species.	
Colonization	of	C. fragile	 subspecies	on	artificial	marine	structures	
is	 a	 regular	 occurrence	 around	 the	 globe	 (Bulleri	 &	 Airoldi,	 2005;	




or	 implementation	 within	 Marine	 Strategy	 Framework	 Directive	
(Borja,	 Elliott,	 Carstensen,	 Heiskanen,	 &	 Bund,	 2010;	 Directive,	
2008).	Despite	 the	apparent	noncompetitive	 status	of	C. fragile	 in	
the	Cantabrian	Sea	due	to	their	clear	seasonal	reproductive	segre‐
gation	with	native	 species	 (García	et	 al.,	 2018),	 there	 is	no	poten‐




C. fragile	and	C. tomentosum	in	comparison	with	C. vermilara,	which	
had	 100‐fold	 lower	 detection	 limits	 compared	 to	 the	 other	 two	
species.	This	could	be	explained	by	differences	in	qPCR	efficien‐
cies	 and	 variation	 in	 species‐specific	 detection	 limits	 (Ludwig	 &	
Schleifer,	 2000),	 where	 for	 between	 species	 primer	 calibration	





study.	 PCR	 assays	may	 not	 vary	 greatly,	 depending	 on	 the	 spe‐
cies	or	strains.	By	using	copy	numbers	per	µl	of	DNA,	it	should	be	
possible	 to	compare	 the	 results	between	species,	 research	 facil‐
ities	 (Whelan	et	 al.,	 2003),	 provided	 the	 same	chemistry	 is	used	
(Dhanasekaran,	Doherty,	&	Kenneth,	2010),	instead	of	comparing	
Ct	values,	which	lack	species‐specific	quantification	precision.	The	
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limit	 of	 detection	 was	 reached	 at	 concentrations	 that	 were	 un‐
likely	to	be	found	in	the	natural	environment	(Drouin,	McKindsey,	
&	Johnson,	2012;	Scheibling	&	Gagnon,	2006).	Primer	specificity	
is	 important	 for	 successful	detections	of	 species	 (Mächler	et	 al.,	
2014;	Wilcox	 et	 al.,	 2013),	 but	 comparison	 of	 species	 densities	
using	 species‐specific	 primers	 should	 be	 interpret	 with	 caution,	





















largely	 confirm	 those	 from	more	 traditional	 surveillance	methods,	
indicating	 that	 species‐specific	 eDNA	qPCR	 is	 an	efficient	 and	ef‐
fective	 tool	 for	monitoring	seaweed	seasonal	and	spatial	patterns.	
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